Analysis of photoreceptor function and inner retinal activity in juvenile X-linked retinoschisis  by Khan, Naheed W et al.
Vision Research 41 (2001) 3931–3942
Analysis of photoreceptor function and inner retinal activity in
juvenile X-linked retinoschisis
Naheed W. Khan, Jeffrey A. Jamison, Jennifer A. Kemp, Paul A. Sieving *
Department of Ophthalmology and Visual Sciences, W. K. Kellogg Eye Center, Uniersity of Michigan, 1000 Wall Street, Ann Arbor,
MI 48105, USA
Received 11 August 2000; received in revised form 30 March 2001
Abstract
Thirteen retinoschisis males with genotyped XLRS1 gene mutations were examined by electroretinogram (ERG) techniques to
determine photoreceptor involvement and ON-pathway and OFF-pathway sites of dysfunction. Parameters Rmax and log S
determined by fitting the mathematical model of the activation phase of phototransduction to the scotopic and photopic a-wave
responses, were not significantly different from normal. However, the XLRS photopic a-wave amplitudes were significantly lower
than normal across all intensities, consistent with defective signaling in the OFF pathway. Long flash (150 ms) ON–OFF photopic
responses showed reduced b-wave amplitude but normal d-wave amplitude, giving a reduced b/d ratio of 1.32 Hz photopic
flicker ERG fundamental frequency responses showed reduced amplitude and delayed phase, consistent with abnormal signaling
by both the ON- and OFF-pathway components. These results indicate that the XLRS1 protein appears not to affect
photoreceptor function directly for most XLRS males, and that ERG signaling abnormalities occur in both the ON- and
OFF-pathway components that originate in the proximal retina. © 2001 Published by Elsevier Science Ltd.
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1. Introduction
Juvenile retinoschisis is an X-linked recessive retinal
dystrophy for which the classical understanding of the
retinal pathology involves dysfunction of the proximal
retina and anatomical splitting through the nerve fiber
layer (Yanoff, Kertesz Rahn, & Zimmerman, 1968;
Condon, Brownstein, Wang, Kearns, & Ewing, 1986).
Mu¨ller cells have been implicated by the electroretino-
gram (ERG) abnormalities, which typically show an
‘electronegative’ response, in which the b-wave is re-
duced disproportionately to a-wave changes (Tanino,
Katsumi, & Hirose, 1985; Peachey, Fishman, Derlacki,
& Brigell, 1987; Murayama, Chen, & Sieving, 1991).
The XLRS1 gene that causes retinoschisis was cloned
(Sauer et al., 1997), and the XLRS1 message was found
to be expressed in photoreceptors, demonstrated by
in-situ hybridization and by immunolocalization (Reid
et al., 1999; Trump et al., 1999; Reid, Yamashita, &
Farber, 2000). The protein has a discoidan domain that
is evolutionarily conserved across a wide range of spe-
cies, from the slime mold Dictyostellium all the way to
human, and that may convey a biological property of
adhesiveness (RS Consortium, 1998). In rough terms, a
disruption of the discoidan domain somehow leads to
delamination of the inner retinal layers, thereby dis-
rupting signaling in the proximal retina and altering the
ERG (Condon et al., 1986).
The presence of the XLRS1 protein in rod photore-
ceptors puts this dysfunctional protein more distal in
the retina than was previously suspected by the few
classical anatomical studies of post-mortem human
eyes. A clinical feature of retinoschisis can involve
altered retinal pigment epithelium (RPE) appearance,
including granularity and, sometimes, macular atrophy
in both early and more frequently later ages (our
unpublished observation from about 120 genotyped
XLRS families). There is also a clinically obvious al-
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tered RPE appearance in regions that have overlying
schisis of the proximal retinal layers.
The primary expression of the XLRS1 protein in rods
and cones raises the question of whether this might
alter photoreceptor function. Focal ERGs in XLRS are
reported to have a normal a-wave amplitude (Miyake,
Shiroyama, Ota, & Horiguchi, 1993), but Bradshaw et
al. showed abnormalities in peak a-wave amplitude and
latency for rod and cone responses (Bradshaw, George,
Moore, & Trump, 1999). We explored this question
using classical techniques of electroretinography, and
by determining photoreceptor sensitivity from analysis
of the ERG a-wave elicited with a bright flash stimulus.
We used a long flash stimulus to elicit the photopic
ON–OFF ERG to examine whether the ON- or OFF-
pathways might be preferentially involved (Alexander,
Fishman, Barnes, & Grover, 2000). Further, since the
flicker ERG originates primarily in the inner retina
(Bush & Sieving, 1996), we looked for systematic or
characteristic changes in amplitude and phase of the




Thirteen XLRS patients (ages 11–47) at the Center
for Retinal and Macular Degeneration at the Univer-
sity of Michigan served as subjects for the study. In-
formed signed consent was obtained from all subjects.
Subjects were genotyped by sequencing the six XLRS1
exons sequentially, using the methods previously de-
scribed (RS Consortium, 1998; Hiriyanna et al., 1999).
XLRS1 mutations were identified in 11 subjects, of
which eight have been reported previously: subjects
105, 106, 107, 108, 109,110, 111 (RS Consortium, 1998)
and subject 104 (Hiriyanna et al., 1999). No mutation
was found for two affected brothers (subjects 112 and
113). However, they are part of an extensive XLRS
pedigree that we previously mapped to the RS genetic
interval (Pawar et al., 1996). Control subjects ranged in
age from 11 to 50 years old. We did not include
patients older than 50 years in the analysis in order to
minimize the effects of aging.
2.2. Psychophysical testing
For all subjects, best-corrected visual acuity was de-
termined for each eye using the ETDRS letter charts at
a 4 m viewing distance; color testing was done with the
Farnsworth Panel D-15; Goldmann visual fields (I4e
and V4e) were then obtained for both eyes. After 45
min of dark adaptation, rod psychophysical absolute
thresholds were determined at central fixation, and at
60° in the peripheral visual field with a Goldmann–
Weekers dark-adaptometer (Haag Streit, Bern,
Switzerland).
2.3. ERG recording
Pupils were dilated fully with 1% mydriacil and 10%
phenylephrine HCl. Following topical corneal anesthe-
sia with 1% proparacaine, ERGs were recorded with
bipolar gold lens electrodes (Doran, Littleton, MA)
with a ground electrode placed on the forehead.
Photopic ON–OFF recordings were obtained using
150 ms Ganzfeld stimuli, presented at 3.3 Hz, as de-
scribed previously (Sieving, 1993); the light source was
200 cd/m2 on a rod saturating background of 42 cd/m2,
and four individual sets of averages of 20 sweeps were
obtained for each subject. Data of 50 normal subjects
from that study (Sieving, 1993) were used for compari-
son with photopic ON–OFF ERGs of 11 XLRS
subjects.
Flicker ERGs were elicited with xenon flashes from
0.59 to 2.53 log td-s (PS-22 photo stimulator, Grass
Instruments, Braintree, MA). A 32 Hz pulse train was
presented for 20 s against a 42 cd/m2 background in a
Ganzfeld bowl, and two such recordings were made at
each intensity level at an interval of 60 s. Responses
were sampled at a rate of 6144 Hz per channel (192
points/cycle for 32 Hz), and a harmonic analysis was
performed to generate a Fourier series as described
previously (Sieving, Arnold, Jamison, Liepa, & Coats,
1998). Photopic flicker ERGs were obtained from 20
control subjects and all 13 XLRS subjects.
After 45 min of dark adaptation, ERGs were
recorded for a blue stimulus (Kodak Wratten 47)
(xenon flash −0.82 log cd-s/m2) and a white stimulus
(xenon flash 0.83 log cd-s/m2) in standard fashion (Siev-
ing, 1993). Bright-flash ERG a-wave responses were
elicited by xenon flashes, color temperature 5500 °K
(Vivitar Model 283, Santa Monica, CA) presented in a
Ganzfeld Bowl, with a maximum flash energy of
2.7 log cd-s/m2 and 4.77 log scotopic td-s per flash mea-
sured using the IL1700 Research Radiometer (Interna-
tional Light, Newburyport, MA). Scotopic
measurements were made directly with the detector and
a CIE scotopic filter. The stimulus temporal profile was
evaluated using a fast photodiode, and it peaked at 0.4
ms and decayed to half maximum within 1 ms and to
5% of maximum in 4 ms. ERGs were recorded from 12
control subjects and nine XLRS subjects. Flashes were
spaced at intervals of 30 s to 2 min (lower versus higher
intensities), and attenuated over a 3 log unit intensity
range with neutral density filters (Kodak Wratten).
Responses were amplified at 10,000 gain from 1 to 1000
Hz and digitized at 10 kHz. At the dimmer flashes, five
responses were averaged, and at the brighter flashes,
two responses were obtained at each intensity and
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averaged off-line. Cone responses were recorded every
15 s across the same intensity range on a rod saturating
background of 3.3 log td, and these responses were
computer-subtracted from the mixed rod–cone re-
sponse to obtain the rod response (Hood & Birch,
1997).
The leading edge of the rod a-wave (P3, Eq. (1),
below) was fitted with the Hood and Birch version
(Hood & Birch, 1993) of the Lamb and Pugh rod model
of the biochemical processes involved in the activation
of phototransduction (Lamb & Pugh, 1992).
P3 (I, t)=Rmax{1−exp[−IS(t− teff)2]}. (1)
In Eq. (1), I is the flash energy, t is the time, Rmax is
the maximum a-wave amplitude, S is the sensitivity
parameter that scales I, and teff is a brief delay that
depends on the flash duration, filtering of the recording
apparatus, and physiological delays (Hood & Birch,
1997). Our maximum flash produces approximately
5.077×105 photoisomerizations per rod per flash using
the conversion parameters of the schematic normal eye
(equation 20, 2.4.4, Wyszecki & Stiles, 1967; Breton,
Schueller, Lamb, & Pugh, 1994). Note that in the Hood
and Birch model, it is not necessary to convert flash
intensity into photoisomerizations since the parameter
S is related to amplification A, as S=kA/2, (equation
3, Hood & Birch, 1994), where the factor k converts
td-s to photoisomerizations/rod. Thus, for our maxi-
mum flash of 4.77 log scotopic (scot) td-s, one scotopic
troland is approximately 8.6 photoisomerizations/rod.
The rod a-wave sensitivity parameter, S, is roughly
constant at lower intensities and decreases at high
intensities (Breton et al., 1994). In order to observe this
linear and nonlinear behavior of S, we fit the model to
each individual flash, across a range of stimuli. The
delay, teff, was chosen as the onset of the a-wave for the
brightest flash, and the best-fitting value of teff was
determined by estimating Rmax and S at the brightest
flash for each control subject. For model fitting, teff was
set at the mean value obtained for the control group
(Hood & Birch, 1996) and was fixed for subsequent
lower intensities. The best fits of the model to the
leading edge of the rod a-wave were obtained for a teff
of 3.3 ms for both control and XLRS subjects, which is
comparable to the 3.2 ms reported by Hood & Birch
(1996). For the purposes of analysis, the leading edge of
the a-wave was considered to terminate just before the
upturn of the a-wave for the brighter flashes, or at 20
ms after flash onset for the weaker flashes. The model
was fit to the a-wave elicited with the brightest flash
while allowing Rmax and S to vary. Rmax was allowed to
vary within 20% of the maximum a-wave amplitude
recorded at the brightest flash (Smith & Lamb, 1997).
For subsequently lower intensities, S was allowed to
vary while Rmax was fixed to the value obtained from
the best fit of the brightest flash response.
For cone a-wave model fits, an additional stage of
low-pass filtering with a time constant,  (Eq. (2)), was
included in Eq. (1) to account for cone outer segment
membrane capacitance (Pugh & Lamb, 1993; Hood &
Birch, 1995).
P3 (I, t)={Rmax[1−exp(−IS(t− teff)2)]}e− (t/). (2)
In Eq. (2), the ‘’ denotes convolution. Values of teff, ,
and Rmax were fixed, and S was allowed to vary as for
the rod a-wave fitting. The first 10 ms after flash onset
were fitted by the model (Hood & Birch, 1995, 1996).
Since ERG responses are not normally distributed
(Birch & Anderson, 1992), the ERG data were con-
verted to log values, as recommended by Birch and
Anderson (1992), and the XLRS and control groups
were compared using the two-tailed t-test unless other-
wise indicated. The means and standard deviations
have been converted back to linear units for clarity.
3. Results
3.1. Rod and cone phototransduction
3.1.1. Rod a-wae amplitude
Fig. 1A shows the dark-adapted a-wave intensity
series of a representative control and an XLRS subject.
Fig. 1B shows the model fits to the rod a-waves of these
subjects after computer subtraction of the cone compo-
nent. The mean value of Rmax for XLRS subjects was
not significantly smaller than the control mean (XLRS
subjects: −312.65 V85.4 S.D., range: −205.2 to
−469.33 V, n=9; control subjects: −380.82 V
77.26 S.D., range: −294.7 to −535.6 V, n=12;
P=0.09). Four of these XLRS males had an essentially
normal Rmax lying within one standard deviation of the
normal mean.
3.1.2. Rod a-wae sensitiity
Sensitivity was considered in two ways: first by nor-
malizing the peak a-wave amplitude for each subject
(Fig. 1C) at the brightest flash (4.77 log scot td-s) as
suggested by Hood and Birch (Hood & Birch, 1997),
and second by fitting the leading edge of the a-wave
with the model (Fig. 1B and D). The normal mean was
found by taking the average of the individual normal-
ized a-waves of the 12 control subjects. As shown in
Fig. 1C, the leading edge of the rod a-wave of the nine
XLRS subjects (normalized for the brightest flash re-
sponse) fell within the normal range, indicating that rod
sensitivity was not impaired in these XLRS males. All
of the individual variations for XLRS lay within the
normal range. However, for all XLRS subjects, the
onset of the b-wave was delayed compared to controls.
Fig. 1D shows the log of sensitivity, S, determined
from the model fits, as a function of flash energy. At
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the dimmest flash (1.77 log scot td-s), there was a large
variability in log S, and in some cases, the traces at this
intensity had to be excluded from the fitting for both
control and XLRS subjects if the values of log S were
extremely large or small. For flashes up to approxi-
mately 2.8 log scot td-s, log S of control subjects was
roughly constant and decreased for brighter flashes.
Log S of XLRS subjects was found to be constant up to
3.2 log scot td-s and then decreased for brighter flashes,
similar to controls. At the brightest two flashes, the
mean log S of XLRS was larger than the control. The
XLRS log S curve appeared to be shifted downward
and to the right relative to controls. However, the
overall difference in log S across intensities between
groups was not significant (P=0.22, two-way
ANOVA). Fig. 1E shows individual log S plots for the
nine XLRS subjects over the lower flash energy range
(1.77–3.17 log scot td-s). Seven XLRS subjects fell
Fig. 1. (A) Dark-adapted a-wave intensity series of a representative control and an XLRS subject. (B) Model fits to the rod isolated a-waves of
the control and XLRS subjects in (A). (C) Normalized rod a-wave responses at the brightest flash intensity (4.77 log scot-td-s). The dashed lines
represent the normal range. The bold lines are the mean for the control and XLRS subjects. The thin lines represent each XLRS subject’s
response. (D) Mean log sensitivity as a function of flash energy; bars indicate S.E. (E) Log sensitivity of all nine XLRS subjects in the lower
intensity range. The dashed line is the control mean, and the shaded region represents the control range.
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Fig. 2. (A) Cone a-wave intensity series of a representative control and an XLRS subject. (B) Model fits to the cone a-waves of the control and
XLRS subjects in (A). (C) Mean log sensitivity as a function of flash energy. (D) Top panel: photopic a-wave amplitude; center panel: monkey
a-wave amplitude before and after application of APB+PDA; lower panel: photopic b-wave amplitude for the same range of intensities. In (C)
and (D), bars indicateS.E.
within normal range, and only subjects 102 and 112 had
log S values that were lower than the control mean by
more than one standard deviation. For flashes brighter
than 2.77 log scot td-s, all subjects tracked the controls.
At the brightest flash (4.77 log scot td-s), there was no
significant difference in log S between any group
(XLRS subjects: 0.59 log s−2(scot td-s)−10.12 S.D.,
n=9; control subjects: 0.51 log s−2(scot td-s)−10.12
S.D., n=12; P=0.17).
3.1.2.1. Scotopic b-wae. For completeness, we also
looked at the scotopic b-wave. As has been reported by
others (Peachey et al., 1987; Murayama et al., 1991),
dark-adapted b-wave amplitudes for the rod-isolating
blue flash were significantly reduced for the XLRS
subjects (XLRS subjects: 122.2 V64.1 S.D., n=13;
control subjects: 325.4 V82.71 S.D., n=50; P
0.0001). For a white flash at 0.83 log cd-s/m2, there was
also a significant reduction in the b-wave amplitude
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(XLRS subjects: 83.6 V36 S.D., n=12; control
subjects: 257 V59.1 S.D., n=50; P0.0001).
3.1.3. Cone a-wae
The photopic a-wave intensity series of a representa-
tive control and an XLRS subject are shown in Fig. 2A.
Best fits of the cone a-wave to the model (Fig. 2B) were
obtained for teff at 1.8 ms and  at 1.8 ms for both
control and XLRS subjects; these values are similar to
those used in other human studies (Hood & Birch,
1995).
The leading edge of the XLRS cone a-wave (normal-
ized for the brightest flash response) fell within the
normal range, and the trailing rising edge was less
steep, similar to the findings for the rod a-wave (figure
not shown). Cone sensitivity, log S, as determined by
fitting Eq. (2) to the leading edge of the cone a-wave is
shown in Fig. 2C. XLRS sensitivity tracked the con-
trols for all intensities (P=0.4, two-way ANOVA). At
the brightest flash energy of 4.4 log phot-td-s, log S for
XLRS was: 0.86 log s−2(phot-td-s)−10.3 S.D., n=9;
control subjects: 0.88 log s−2(phot-td-s)−10.2 S.D.,
n=12; P=0.9. The maximum a-wave amplitude, Rmax,
determined from the model fits tended to be smaller on
average for XLRS subjects (XLRS subjects: −62.1
V20.3 S.D., range: −42.8 V to −100.1 V, n=9;
control subjects: −75.3 V16.3 S.D., range: −39.7
V to −98.4 V, n=12; P=0.15). Cone Rmax of five
XLRS subjects (102, 105, 106, 112, and 113) was 
75% of the control mean; these were the same subjects
who also had smaller rod Rmax values.
Photopic responses were analyzed by further deter-
mining the a-wave and b-wave intensity-response func-
tions. The a-wave amplitude was lower than control by
a relatively constant amount (Fig. 2D, top panel) across
the flash energy range of 1.4–4.4 log phot td-s (P
0.0001, two-way ANOVA). At the brightest flash, the
XLRS a-wave amplitude was smaller at P=0.08 than
controls (XLRS subjects: −62.9 V17.7 S.D., range:
−47.0 V to −93.1 V, n=9; control subjects: −77.5
V16.3 S.D., range: −40.3 V to −97.2 V, n=12;
P=0.08).
We previously demonstrated that the monkey pho-
topic a-wave below about 2.5 log phot td-s originates
from the proximal retina postsynaptic to the cones,
possibly from HBC activity (Bush & Sieving, 1994). At
higher intensities, the photopic a-wave response is dom-
inated by the direct cone components, while the hyper-
polarizing bipolar cell (HBC) component plateaus and
makes a fairly constant contribution to the a-wave for
higher intensities. However, the stimulus in that mon-
key study (Bush & Sieving, 1994) was a long-duration
flash. We have now evaluated the cone a-wave in four
monkeys using the same Ganzfeld high-intensity stimu-
lus (Vivitar) that we used to study these XLRS subjects.
Adequate measures were taken to minimize pain and
discomfort to the animals. The new monkey results
were essentially the same as in Bush and Sieving (1994).
Application of 2-amino-4-phosphonobutyric acid
(APB) to block activity of depolarizing bipolar cells
(DBCs) actually increased the a-wave amplitude at the
higher intensities (not shown here). The subsequent
addition of cis-2,3-piperidine-dicarboxylic acid (PDA)
to also block activity of hyperpolarizing second-order
retinal neurons (hyperpolarizing bipolar cells and hori-
zontal cells) reduced the a-wave amplitude (P0.0001,
two-way ANOVA) across all intensities (Fig. 2D, mid-
dle panel). This intensity profile is the same as that
exhibited by the XLRS males (Fig. 2D, top panel), in
that the a-wave amplitude was lower by a relatively
constant amount across all intensities, as would be the
case if both DBC and HBC contributions were reduced
(Sieving, Murayama, & Naarendorp, 1994). The di-
rectly cone driven a-wave amplitude plateaued in the
monkey response after chemical isolation, and this
plateau is also seen for XLRS males.
There was also a significant reduction in the XLRS
photopic b-wave amplitudes (Fig. 2D, lower panel)
across the entire range (P0.0001, two-way ANOVA).
XLRS subjects lacked the ‘photopic hill’ exhibited by
the controls (Wali & Leguire, 1992) indicating that
inner retinal activity is reduced.
Fig. 3. (A) Typical ON–OFF response of an XLRS subject. (B) Bar
graph showing the b- and d-wave amplitude and b:d ratio of the
ON–OFF response. Asterisks denote a significant difference between
XLRS and controls, and bars indicate S.E.
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Fig. 4. (A) Flicker waveforms of a representative control subject (dashed lines) and an XLRS subject (solid lines). The amplitude calibration is
100 V for upper traces and 200 V for lower traces. (B) Polar plot of the 32 Hz flicker fundamental component at stimulus intensity 2.16 log td-s.
The dashed circle represents the mean XLRS amplitude. The dashed sector shows the normal range. The bold vector represents the normal mean
amplitude and phase.
amplitude and phase, and two (subjects 104 and 111)
had delayed phase despite amplitudes within the con-
trol range. Consequently, the phase of the flicker funda-
mental was quite sensitive in uncovering an ERG ab-
normality in XLRS.
Since the XLRS waveform looked different from the
controls (Fig. 4A), we were interested in learning
whether XLRS flicker responses had any particular
‘signature’ of harmonic content. We looked at the
nature of the first five flicker harmonic components
across intensity. As the stimulus intensity increased, the
amplitudes of all harmonics for XLRS increased in
parallel with controls but were always smaller (Table
2). An overall difference (two-way ANOVA) was found
between XLRS and controls in amplitude (P0.001)
and in phase (P0.003) for harmonics 1–3 across
stimulus intensity. We noted that the harmonic recon-
struction of the original waveform could be made with
a good fidelity using the first 3–5 harmonics. However,
we could not discern any particular pattern of har-
monic signature, as all harmonics were simply
decreased.
Table 3 summarizes the findings for all XLRS sub-
jects, along with their mutations. The mean visual
acuity (log MAR; log of the mean angle of resolution)
of the 13 XLRS subjects was OD/OS: 0.51/0.43. In 10
of our 13 XLRS subjects, regions of both the I4e and
V4e Goldmann visual fields were affected by peripheral
3.1.3.1. Photopic ON–OFF ERG. Fig. 3A shows a
representative photopic ON–OFF ERG response of an
XLRS subject, with a- and b-waves at stimulus onset,
and the d-wave at stimulus termination. The normal
ratio of b- to d-wave amplitude of unaffected control
subjects is greater than 1.0 for these stimulus conditions
(Sieving, 1993). However, for seven of nine XLRS
subjects tested, the b/d ratio was less than 1.0, with a
mean of 0.72 (Fig. 3B). The b-wave amplitude (P
0.001) and the b/d ratio (P0.001) were both signifi-
cantly reduced, whereas the d-wave amplitude was not
different from the controls.
3.1.3.2. 32 Hz flicker ERG. Fig. 4A shows the flicker
waveforms for a representative normal and an XLRS
subject for the intensity range tested. The flicker results
are conveniently summarized by a polar plot of the
amplitude (represented as radius) and phase (timing) of
the fundamental harmonic of the 32 Hz flicker ERG
(Fig. 4B) at flash energy 2.16 log td-s, for 19 eyes of 13
XLRS subjects (stars) and 40 eyes of 20 control subjects
(circles). The mean values for amplitude and phase for
the two groups are given in Table 1 (note that a phase
of 319° corresponds to 27.7 ms implicit time, and 366°
phase corresponds to approximately 32 ms). The re-
sponse amplitude (P0.001) and phase (P0.001) of
XLRS subjects were both significantly different from
controls. Eleven males fell outside the norms for both
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Table 1
32 Hz flicker fundamental amplitude and phase
Group Phase (degrees)Amplitude (V)
S.D. RangeMean Mean S.D. Range
30.3XLRS 16.1 9.5–71.0 366 14.2 338–400
15.8 30.7–92.4 31956.5 12Normal 294–353
or from shortened outer segments, either regional or
widespread (Hood & Birch, 1994; Breton et al., 1994).
XLRS histopathology has shown degeneration of the
retinal pigment epithelium (RPE) and photoreceptor
damage (Yanoff et al., 1968; Condon et al., 1986; Ando
et al., 2000). Since the majority of eyes in our XLRS
subjects showed RPE alteration in the peripheral retina,
one might well expect some a-wave amplitude reduc-
tions. However, this was not the norm, as six of these
nine males exhibited normal rod function including
normal amplitudes, indicating that expression of the
XLRS1 protein does not generally result in abnormal
rod function. Further, rod sensitivity was within the
normal range for seven subjects.
The overall reduction in mean rod log S of XLRS
subjects in the dimmer intensity range indicates an
overall reduction in amplification, possibly interpreted
as a reduction in the sensitivity to light at the cornea.
This would result in fewer photoisomerizations causing
the log S curve to shift downward and to the right.
Since the majority of subjects fell within the normal
range for log S, we cannot conclude from our results
that the XLRS1 protein affects rod sensitivity. Further-
more, dark-adapted thresholds were within 0.3 log units
of normal for 11 of 13 subjects. Subject 108 had
extensive peripheral inner-layer schisis and widespread
RPE whitish reticular degeneration, indicating outer
retinal involvement, which would account for his ele-
vated dark-adapted threshold. Despite this, however,
his rod Rmax and log S were not compromised. As the
majority of these XLRS males had normal threshold
sensitivities, and normal or near normal rod function,
the XLRS1 protein apparently does not affect rod
function.
There was an overall reduction in the photopic a-
wave amplitudes across all intensities, but cone sensitiv-
ity remained unaffected, and cone Rmax although
smaller, was within the normal range for eight of nine
subjects. The relatively consistent amplitude difference
between XLRS and controls in the photopic a-wave
intensity-response function suggests a loss of HBC con-
tribution to the response. This suggests that the repre-
sentation of HBC/HzC activity in the photopic ERG is
diminished in XLRS pathology and that blocking the
activity of the DBC/ON-pathway alone would not ac-
count for the reduction that we observed in the pho-
topic a-wave. The results gave no indication of specific
impairment of cone-photoreceptor function in XLRS.
Photopic ON–OFF ERG recordings showed a re-
duced b-wave but normal d-wave amplitude, and a b/d
ratio reduction in seven of nine XLRS subjects consis-
tent with previous reports (Alexander et al., 2000). We
had previously found a similar b/d ratio reduction in a
number of other disparate retinal degenerations (Siev-
ing, 1993), and consequently, this appears to be a
Table 2
Amplitude of higher harmonics of 32 Hz flicker expressed as a
percentage of the fundamental amplitude




22.5 13.1XLRS 5.7 4.1
schisis. Color discrimination was normal or affected
only minimally. The dark-adapted absolute threshold at
central fixation for controls was 1.66 log Asb0.17
S.D., n= 38 and for XLRS 1.69 log Asb0.54 S.D.,
n=13; P=0.75. The threshold was within normal lim-
its for 11 XLRS subjects but was elevated in two
subjects (101 and 108) by 0.6 and 1.2 log units. The
dark-adapted absolute threshold at 60° for controls was
1.56 log Asb0.16 S.D., n=38 and for XLRS,
1.79 log Asb0.65 S.D., n=13; P=0.15. Eleven sub-
jects were within the normal range, but two subjects
(108 and 113) had a 1.5 log unit threshold elevation
above normal mean. We found no correlation between
these thresholds at central or 60° eccentricity and any
of the ERG results for all XLRS subjects.
4. Discussion
The results indicate that this condition does not
affect photoreceptor function for the majority of the
XLRS males we tested. We did find that two of nine
XLRS males had clear abnormalities of the rod a-wave
model parameters, particularly across the dimmer
flashes. These results provide no indication that pho-
toreceptor function of either the rods or cones is com-
promised by expression of the XLRS1 protein in these
cells. This may not be surprising, because the XLRS1
protein appears to be biologically active in the proximal
retina after it is released from the photoreceptors (Mol-
day, Molday, Sauer, Hicks, & Weber, 2000; Reid et al.,
2000).



















Summary of results of XLRS subjects
Mutation Age (years)Sub ID Acuity ON–OFF b/dGVF affected 32 Hz, I8DA Threshold (log  ConesDA blue RodsDA white
b-wave (V)Asb) b-wave (V)by schisis(log MAR) ratio
Central 60° Log S s−2 Rmax (V) Log S s−2 Rmax (V) Amp (V) Phase (degrees)
(td-s)−1 (V) (td-s)−1 (V)
IVS1+2 T to 1.239 0.30 No 2.20 1.63 192 68 0.56 −391.1 1.13101 −61.1 22.8 363
C
Deletion in X2 0.5943 0.81 Yes 1.80 1.50102 70 64 0.38 −205.2 0.72 −42.9 14.9 371
or X3
Intron 3 42 0.68 Yes 2.03 2.07 96 98 30.1 376103
IVS3+1G to C
X4, 208 G to 14 0.52 No 1.8 1.27 280 100 0.82 −331.3 0.51 −100.2 71.0 347 0.64104
C (G70R)
X4, 286 T to C 0.5528 0.49 Yes 1.18 1.60105b 40 38 0.65 −245.2 1.03 −45.8 17.4 375
(W96R)
X4, 286 T to C 0.5226 0.46 Yes 1.95 1.94 64 72 0.53 −250.2 0.57 −54.2106b 26.2 368
(W96R)
X5, 337 C to T 20 0.43 No 0.98 1.24 130 144 26.7 363107
(L113F)
X6, 579insC 31 0.6 Yes 2.87 3.13 90108 58 0.68 −373.7 1.1 −61.2 20.3 338
109 X6, 596 T to C 11 0.12 Yes 1.04 1.13 130 112, I8a 23.6 380
(I199T)
X6, 608 C to T 1.0132 0.62 Yes 1.45 1.68110 100 108 21.7 376
(P203L)
X6, 637 C to T 0.6520 0.37 Yes 1.16 1.19 180 144111 0.56 −469.3 0.7 −91.8 45.5 355
(R213W)
All Xs seq./5d 39 0.45 Yes 1.74 1.89 124 48 0.61 −290.1 1.2 −49.9 9.5 364 0.79112c
All Xs seq./5d 47 0.31 Yes 1.74 3.07 92113c 76 0.56 −251.9 0.83 −51.4 32.4 401 0.54
XLRS mean 31.8 0.47 1.69 1.79 122.2 83.6 0.59 −312 0.86 −62.1 30.3 365.8 0.72
Control mean 30 0.0 1.66 1.56 325.4 257 0.51 −380.8 0.88 −75.3 56.5 319.7 1.34
a Stimulus was Grass I8 setting (2.16 log td-s).
b Brothers.
c Brothers.
d All exons sequenced but no mutation identified.
XLRS results that are significantly different from control are indicated in bold.
N.W. Khan et al. / Vision Research 41 (2001) 3931–39423940
non-specific finding in retinal degenerations. The pho-
topic b-wave is a complex response that reflects interac-
tions of the depolarizing and hyperpolarizing bipolar
cells (Sieving et al., 1994). In the context of ON–OFF
ERG interpretation, we previously commented (Siev-
ing, 1993, c7) on the photoreceptor to bipolar cell
synaptic differences: HBCs have a chemical sign-pre-
serving photoreceptor synapse, whereas DBCs have a
sign-inverting g-protein-coupled synapse with an inher-
ently higher gain but a signaling lag compared to the
chemical synapse (fig. 8, Sieving et al., 1994). This may
well influence the ERG responses to long flash stimuli
for some degenerative retinopathies. The correspon-
dence of the b-wave to activity of depolarizing bipolar
cells is well established for dark-adapted responses
(Gurevich & Slaughter, 1993; Xu & Karwoski, 1994;
Robson & Frishman, 1995). For the photopic ERG,
however, the correspondence breaks down, since the
shape and amplitude of the b-wave are influenced by
HBC activity (Sieving et al., 1994). Consequently, the
photopic b-wave amplitude cannot be taken as a direct
measure of activity of the DBC/ON-pathway. The d-
wave response to stimulus termination similarly appears
to have an interplay between the DBC/ON-pathway
and the HBC/OFF-pathway, and consequently, the d-
wave does not reflect activity exclusively of the OFF-
pathway (Sieving et al., 1994). Consequently, we cannot
conclude from this study that XLRS affects the ON-
pathway exclusively.
The XLRS photopic flicker ERG amplitude was
reduced, and the phase was delayed across all intensi-
ties. The primate photopic sine-wave flicker ERG has
major contributions from both the ON- and OFF-path-
ways (Kondo & Sieving, 2001). Reducing the amplitude
of either the ON- or OFF-components by half or more,
but not altering the second component, changed the
phase considerably but affected the amplitude of the
fundamental flicker harmonic response only minimally.
In the case of XLRS, the major amplitude reduction
seen in the 32 Hz fundamental response would require
impaired activity of both the ON- and OFF-compo-
nents. The major disclaimer is that the XLRS flicker
was elicited with flashes and not sine-wave stimuli.
Work in progress, however, shows a major overlap of
results of flicker responses elicited with flash impulse
versus sine-wave stimuli, and the above analysis of
XLRS flicker results remains valid.
The XLRS flicker result can also be considered in the
context of congenital stationary nightblindness
(CSNB), in which functional impairment appears to be
limited primarily to the ON-component (Miyake, Ya-
gasaki, Horiguchi, & Kawase, 1987; Houchin, Purple,
& Wirtschafter, 1991; Young, 1991). The flicker ERG
in complete CSNB individuals has a delayed fundamen-
tal component but no appreciable amplitude reduction
(Kim, Bush, & Sieving, 1997). This CSNB observation
is consistent with the simulation vector model (Kondo
& Sieving, 2001) in that a 50% reduction in the ON-
component causes a 35° delay in the flicker fundamen-
tal phase but only a minimal amplitude change. As the
XLRS subjects had both reduced amplitude and in-
creased phase of the fundamental component, our in-
terpretation is that both the ON- and OFF-components
are impaired in XLRS. The flicker abnormality was not
limited to just the first harmonic, and consequently, the
current standard interpretation of flicker origins
(Falsini et al., 1994, 1999) would imply that the abnor-
mality does not localize to the photoreceptors.
We could find no particular correlation between
genotype and ERG, although subject 102 who had a
deletion in exon2 and/or 3 had the smallest ERG
values. Subjects 105 and 106, who were brothers (muta-
tion W96R), had comparable ERG values that were
generally smaller than other XLRS subjects. However,
brothers 112 and 113 had discordant ERG results.
Subject 104, who was mildly affected based on geno-
type (mutation G70A), had normal ERG amplitudes,
but his b/d ratio was less than 1.0 because he had an
abnormally large d-wave. Consistent with other reports
(Bradshaw et al., 1999), we found no correlation be-
tween age and severity of disease based on ERG data.
Since visual function declines in the sixth decade,
(Weleber, 1981), we excluded subjects over 50 years of
age in the analysis. However, we did test two older
XLRS subjects: an 80 year old (X6, 533 G to A,
G178D) and a 64 year old, the grandfather of subject
109 (X6, 596 T to C, I199T), whose mutations have
been previously reported (RS Consortium, 1998). The
psychophysical and ERG results of the 80 year old were
comparable to those of subject 102 (43 years old) except
for smaller dark-adapted b-wave amplitudes to the blue
and white flashes, and a larger phase delay of 420
degrees for the 32 Hz flicker. All results of the 64 year
old were comparable to those of subject 110 (32 years
old) except for the rod and cone model parameters
(subject 110 was not tested), which were similar in log S
to subject 102, but he had normal Rmax for both rods
and cones. The ERG responses of subject 111 (muta-
tion R213W) at age 13 years have been previously
reported (Sieving, Bingham, Kemp, Richards, &
Hiriyanna, 1999). At age 20, his b-wave amplitudes for
the dark-adapted blue and white flash were reduced by
about 80 V, but the white flash a-wave was larger by
60 V. Note, however, that there are slight differences
in the flash intensity.
In summary, our results indicate that photoreceptor
function is not primarily affected in XLRS and that the
inner retina dysfunction extends across both DBCs and
HBCs, affecting both the ON- and OFF-pathway ERG
responses that originate from the proximal retina.
These data are not particularly useful for precise cellu-
lar localization of defect, however, because we cannot
N.W. Khan et al. / Vision Research 41 (2001) 3931–3942 3941
distinguish between deficient synaptic signaling and
some form of membrane dysfunction of the DBC and
HBC cells.
Acknowledgements
This research was supported by grants NIH R01-
EY06094, Vision CORE- EY07003, and by grants from
The Foundation Fighting Blindness, Hunt Valley, MD,
Research to Prevent Blindness, Inc., New York, NY,
and the DiMattia family. The authors thank Nagako
Kondo for her assitance in testing subjects, Mineo
Kondo for valuable comments, and Austra Liepa for
help in manuscript preparation. This work was pre-
sented in part at the annual meeting of the Association
for Research in Vision and Ophthalmology, Fort Laud-
erdale, Florida, May 2000.
References
Alexander, K. R., Fishman, G. A., Barnes, C. S., & Grover, S.
(2000). ON-response deficits in X-linked juvenile retinoschisis
assessed by sawtooth flicker electroretinogram. In Optical Society
of America Technical Digest (pp. 61–64).
Ando, A., Takahashi, K., Sho, K., Matsushima, M., Okamura, A., &
Uyama, M. (2000). Histopathological findings of X-linked
retinoschisis with neovascular glaucoma. Graefes Archie for Clin-
ical and Experimental Ophthalmology, 238(1), 1–7.
Birch, D. G., & Anderson, J. L. (1992). Standardized full-field
electroretinography. Normal values and their variation with age.
Archies of Ophthalmology, 110(11), 1571–1576.
Bradshaw, K., George, N., Moore, A., & Trump, D. (1999). Muta-
tions of the XLRS1 gene cause abnormalities of photoreceptor as
well as inner retinal responses of the ERG. Documenta Ophthal-
mologica, 98(2), 153–173.
Breton, M. E., Schueller, A. W., Lamb, T. D., & Pugh, E. N. Jr.
(1994). Analysis of ERG a-wave amplification and kinetics in
terms of the G-protein cascade of phototransduction. Inestigatie
Ophthalmology and Visual Science, 35(1), 295–309.
Bush, R. A., & Sieving, P. A. (1994). A proximal retinal component
in the primate photopic ERG a-wave. Inestigatie Ophthalmology
and Visual Science, 35(2), 635–645.
Bush, R. A., & Sieving, P. A. (1996). Inner retinal contributions to
the primate photopic fast flicker electroretinogram. Journal of the
Optical Society of America A, 13(3), 557–565.
Condon, G. P., Brownstein, S., Wang, N. S., Kearns, J. A., & Ewing,
C. C. (1986). Congenital hereditary (juvenile X-linked) retinoschi-
sis. Histopathologic and ultrastructural findings in three eyes.
American Journal of Ophthalmology, 104(4), 576–583.
Falsini, B., Iarossi, G., Fadda, A., Porrello, G., Valentini, P., Pic-
cardi, M., & Scullica, L. (1999). The fundamental and second
harmonic of the photopic flicker electroretinogram: temporal
frequency-dependent abnormalities in retinitis pigmentosa. Clini-
cal Neurophysiology, 110(9), 1554–1562.
Falsini, B., Iarossi, G., Porciatti, V., Merendino, E., Fadda, A.,
Cermola, S., & Buzzonetti, L. (1994). Postreceptoral contribution
to macular dysfunction in retinitis pigmentosa. Inestigatie Oph-
thalmology and Visual Science, 35(13), 4282–4290.
Gurevich, L., & Slaughter, M. M. (1993). Comparison of the wave-
forms of the ON bipolar neuron and the b-wave of the elec-
troretinogram. Vision Research, 33(17), 2431–2435.
Hiriyanna, K. T., Bingham, E. L., Yashar, B. M., Ayyagari, R.,
Fishman, G., Small, K. W., Weinberg, D. V., Weleber, R. G.,
Lewis, R. A., Andreasson, S., Richards, J. E., & Sieving, P. A.
(1999). Novel mutations in XLRS1 causing retinoschisis, includ-
ing first evidence of putative leader sequence change. Human
Mutations, 14(5), 423–427.
Hood, D. C., & Birch, D. G. (1993). Light adaptation of human rod
receptors: the leading edge of the human a-wave and models of
rod receptor activity. Vision Research, 33(12), 1605–1618.
Hood, D. C., & Birch, D. G. (1994). Rod phototransduction in
retinitis pigmentosa: estimation and interpretation of parameters
derived from the rod a-wave. Inestigatie Ophthalmology and
Visual Science, 35(7), 2948–2961.
Hood, D. C., & Birch, D. G. (1995). Phototransduction in human
cones measured using the alpha-wave of the ERG. Vision Re-
search, 35(20), 2801–2810.
Hood, D. C., & Birch, D. G. (1996). Abnormalities of the retinal
cone system in retinitis pigmentosa. Vision Research, 36(11),
1699–1709.
Hood, D. C., & Birch, D. G. (1997). Assessing abnormal rod pho-
toreceptor activity with the a-wave of the electroretinogram:
applications and methods. Documenta Ophthalmologica, 92(4),
253–267.
Houchin, K. W., Purple, R. L., & Wirtschafter, J. D. (1991). X-linked
congenital stationary night blindness and depolarizing bipolar
system dysfunction. Inestigatie Ophthalmology and Visual Sci-
ence, 32(Supplement), 1229 Abstract.
Kim, S. H., Bush, R. A., & Sieving, P. A. (1997). Increased phase lag
of the fundamental harmonic component of the 30 Hz flicker
ERG in Schubert–Bornschein complete type CSNB. Vision Re-
search, 37(17), 2471–2475.
Kondo, M., & Sieving, P. A. (2001). Primate photopic sine-wave
flicker ERG: vector modeling analysis of component origins using
glutamate analogs. Inestigatie Ophthalmology and Visual Sci-
ence, 42(1), 305–312.
Lamb, T. D., & Pugh, E. N. Jr. (1992). A quantitative account of the
activation steps involved in phototransduction in amphibian pho-
toreceptors. Journal of Physiology (London), 449, 719–758.
Miyake, Y., Shiroyama, N., Ota, I., & Horiguchi, M. (1993). Focal
macular electroretinogram in X-linked congenital retinoschisis.
Inestigatie Ophthalmology and Visual Science, 34(3), 512–515.
Miyake, Y., Yagasaki, K., Horiguchi, M., & Kawase, Y. (1987). On-
and off-responses in photopic electroretinogram in complete and
incomplete types of congenital stationary night blindness.
Japanese Journal of Ophthalmology, 31(1), 81–87.
Molday, R. S., Molday, L. L., Sauer, C. G., Hicks, D., & Weber, B.
H. F. (2000). Characterization and localization of RS1, the
protein encoded by the gene for x-linked juvenile retinoschisis.
Inestigatie Ophthalmology and Visual Science, 41(Supplement),
1736 Abstract.
Murayama, K., Chen, Y. K., & Sieving, P. A. (1991). Abnormal
threshold ERG response in X-linked juvenile retinoschisis: evi-
dence for a proximal retinal origin of the human STR. Clinical
Vision Sciences, 6(4), 317–322.
Pawar, H., Bingham, E. L., Hiriyanna, K., Segal, M., Richards, J. E.,
& Sieving, P. A. (1996). X-linked juvenile retinoschisis: localiza-
tion between (DXS1195, DXS418) and AFM291wf5 on a single
YAC. Human Heredity, 46(6), 329–335.
Peachey, N. S., Fishman, G. A., Derlacki, D. J., & Brigell, M. G.
(1987). Psychophysical and electroretinographic findings in X-
linked juvenile retinoschisis. Archies of Ophthalmology, 105(4),
513–516.
Pugh, E. N. Jr., & Lamb, T. D. (1993). Amplification and kinetics of
the activation steps in phototransduction. Biochimica et Biophys-
ica Acta, Reiews in Bioenergetics, 1141(2-3), 111–149.
Reid, S. N., Akhmedov, N. B., Piriev, N. I., Kozak, C. A., Danciger,
M., & Farber, D. B. (1999). The mouse X-linked juvenile
N.W. Khan et al. / Vision Research 41 (2001) 3931–39423942
retinoschisis cDNA: expression in photoreceptors. Gene, 227(2),
257–266.
Reid, S. N. M., Yamashita, C., & Farber, D. B. (2000). Functional
study of a photoreceptor secreted protein, retinoschisin. Inestiga-
tie Ophthalmology and Visual Science, 41(Supplement), 1737
Abstract.
Robson, J. G., & Frishman, L. J. (1995). Response linearity and
kinetics of the cat retina: the bipolar cell component of the
dark-adapted electroretinogram. Visual Neuroscience, 12(5), 837–
850.
RS Consortium (1998). Functional implications of the spectrum of
mutations found in 234 cases with X-linked juvenile retinoschisis.
Human Molecular Genetics, 7(7), 1185–1192.
Sauer, C. G., Gehrig, A., Warneke-Wittstock, R., Marquardt, A.,
Ewing, C. C., Gibson, A., Lorenz, B., Jurklies, B., & Weber, B.
H. (1997). Positional cloning of the gene associated with X-linked
juvenile retinoschisis. Nature Genetics, 17(2), 164–170.
Sieving, P. A. (1993). Photopic ON- and OFF-pathway abnormalities
in retinal dystrophies. Transactions of the American Ophthalmo-
logical Society, 91, 701–773.
Sieving, P. A., Arnold, E. B., Jamison, J., Liepa, A., & Coats, C.
(1998). Submicrovolt flicker electroretinogram: cycle-by-cycle
recording of multiple harmonics with statistical estimation of
measurement uncertainty. Inestigatie Ophthalmology and Visual
Science, 39(8), 1462–1469.
Sieving, P. A., Bingham, E. L., Kemp, J., Richards, J., & Hiriyanna,
K. (1999). Juvenile X-linked retinoschisis from XLRS1
Arg213Trp mutation with preservation of the electroretinogram
scotopic b-wave. American Journal of Ophthalmology, 128(2),
179–184.
Sieving, P. A., Murayama, K., & Naarendorp, F. (1994). Push-pull
model of the primate photopic electroretinogram: a role for
hyperpolarizing neurons in shaping the b-wave. Visual Neuro-
science, 11(3), 519–532.
Smith, N. P., & Lamb, T. D. (1997). The a-wave of the human
electroretinogram recorded with a minimally invasive technique.
Vision Research, 37(21), 2943–2952.
Tanino, T., Katsumi, O., & Hirose, T. (1985). Electrophysiological
similarities between two eyes with X-linked recessive retinoschisis.
Documenta Ophthalmologica, 60(2), 149–161.
Trump, D., Grayson, C., Sowden, J., Ellis, J., Bobrow, L. G., &
Yates, J. R. W. (1999). X-linked retinoschisis: investigation of the
XLRS1 expression pattern and characterisation of a novel anti-
body against the XLRS1 protein. Inestigatie Ophthalmology and
Visual Science, 40(Supplement), 5068 Abstract.
Wali, N., & Leguire, L. E. (1992). The photopic hill: a new phe-
nomenon of the light adapted electroretinogram. Documenta Oph-
thalmologica, 80(4), 335–345.
Weleber, R. G. (1981). The effect of age on human cone and rod
ganzfeld electroretinograms. Inestigatie Ophthalmology and Vi-
sual Science, 20(3), 392–399.
Wyszecki, G., & Stiles, W. S. (1967). Color science : concepts and
methods, quantitatie data and formulas, vol. xiv. New York:
Wiley.
Xu, X., & Karwoski, C. J. (1994). Current source density analysis of
retinal field potentials. II. Pharmacological analysis of the b-wave
and M-wave. Journal of Neurophysiology, 72(1), 96–105.
Yanoff, M., Kertesz Rahn, E., & Zimmerman, L. E. (1968). Histo-
pathology of juvenile retinoschisis. Archies of Ophthalmology,
79(1), 49–53.
Young, R. S. L. (1991). Low-frequency component of the photopic
ERG in patients with x-linked congenital stationary night blind-
ness. Clinical Vision Sciences, 6(4), 309–315.
